Activating mutations in the RAS oncogene are common in cancer but are difficult to therapeutically target. RAS activation promotes autophagy, a highly regulated catabolic process that metabolically buffers cells in response to diverse stresses. Here we report that casein kinase 1a (CK1a), a ubiquitously expressed serine/threonine kinase, is a key negative regulator of oncogenic RAS-induced autophagy. Depletion or pharmacologic inhibition of CK1a enhanced autophagic flux in oncogenic RAS-driven human fibroblasts and multiple cancer cell lines. FOXO3A, a master longevity mediator that transcriptionally regulates diverse autophagy genes, was a critical target of CK1a, as depletion of CK1a reduced levels of phosphorylated FOXO3A and increased expression of FOXO3Aresponsive genes. Oncogenic RAS increased CK1a protein abundance via activation of the PI3K/AKT/mTOR pathway. In turn, elevated levels of CK1a increased phosphorylation of nuclear FOXO3A, thereby inhibiting transactivation of genes critical for RAS-induced autophagy. In both RAS-driven cancer cells and murine xenograft models, pharmacologic CK1a inactivation synergized with lysosomotropic agents to inhibit growth and promote tumor cell death. Together, our results identify a kinase feedback loop that influences RASdependent autophagy and suggest that targeting CK1a-regulated autophagy offers a potential therapeutic opportunity to treat oncogenic RAS-driven cancers.
Introduction
Cancer is one of the leading causes of death worldwide, and the global mortality from cancer is projected to continue rising, with an estimated 12 million deaths in 2030 (1). Activating mutations in the RAS oncogene occur in 20%-25% of all human tumors and up to 90% of specific tumor types (2) . Oncogenic RAS activation can lead variously to survival, senescence, or death or to cell cycle arrest depending on the genetic status and environment of the cell. One consequence of RAS mutation is the activation of autophagy (3) (4) (5) (6) (7) (8) . Autophagy is an evolutionarily conserved and highly regulated catabolic process that supports metabolic and biosynthetic programs in response to nutrient deprivation and other forms of stress. In cancers with activating RAS mutations, enhanced autophagy supports the maintenance of lipid homeostasis, mitochondrial metabolism, and nutrient recycling required for robust cell growth (4) (5) (6) (7) 9) . Oncogenic RAS-driven invasion of cancer cells into surrounding tissues is also critically dependent on autophagy, which promotes basal extrusion (8) and secretion of the promigratory cytokine IL-6 (10) . Inhibition of autophagy by genetic means or exposure to lysosomotropic agents such as chloroquine (CQ) can result in regression of tumor xenografts in mice (7) , indicating that oncogene-induced autophagy can be indispensable for cancer cell survival in some settings. Excessive autophagy may also lead to cell death by indiscriminate degradation of critical cell survival proteins (3, 11) .
A growing number of clinical trials have been conducted to investigate whether inhibition of autophagic recycling by hydroxychloroquine (HCQ) or CQ can sensitize cancer cells to various types of anticancer drugs (12) (13) (14) (15) (16) (17) . Given that autophagy plays context-dependent roles in cancer, the clinical benefits of targeting autophagy may be unpredictable. Consistent with this concern, a recent study showed that RAS mutation status alone might be insufficient to predict autophagy addiction and CQ sensitivity of cancer cells cultured in vitro (18) . Hence, there is a need to define the optimum cellular contexts or identify new biomarkers that will aid in the therapeutic targeting of autophagy via lysosomotropic agents such as CQ or HCQ.
The signaling networks that regulate the degree of autophagic flux remain poorly understood. During a recent study of casein kinase 1 (CK1) in the regulation of cancer cell growth (19) , we noted a role for CK1α in the modulation of oncogenic RASinduced autophagic flux. This observation is consistent with a recent kinome RNAi screen that identified CK1 isoforms as constitutive autophagy-regulating kinases in human breast cancer cells (20) . The CK1 family of ubiquitously expressed serine/threonine kinases consists of six human isoforms (α, δ, ε, γ1, γ2, and γ3) that are evolutionary conserved within eukaryotes (21, 22) . CK1 isoforms regulate diverse cellular processes including circadian rhythms, WNT signaling, cell transformation, membrane trafficking, cytoskeleton maintenance, DNA replication, DNA damage response, and RNA metabolism (21, (23) (24) (25) (26) . Unlike its pro-onco-Activating mutations in the RAS oncogene are common in cancer but are difficult to therapeutically target. RAS activation promotes autophagy, a highly regulated catabolic process that metabolically buffers cells in response to diverse stresses. Here we report that casein kinase 1α (CK1α), a ubiquitously expressed serine/threonine kinase, is a key negative regulator of oncogenic RAS-induced autophagy. Depletion or pharmacologic inhibition of CK1α enhanced autophagic flux in oncogenic RAS-driven human fibroblasts and multiple cancer cell lines. FOXO3A, a master longevity mediator that transcriptionally regulates diverse autophagy genes, was a critical target of CK1α, as depletion of CK1α reduced levels of phosphorylated FOXO3A and increased expression of FOXO3A-responsive genes. Oncogenic RAS increased CK1α protein abundance via activation of the PI3K/AKT/mTOR pathway. In turn, elevated levels of CK1α increased phosphorylation of nuclear FOXO3A, thereby inhibiting transactivation of genes critical for RAS-induced autophagy. In both RAS-driven cancer cells and murine xenograft models, pharmacologic CK1α inactivation synergized with lysosomotropic agents to inhibit growth and promote tumor cell death. Together, our results identify a kinase feedback loop that influences RAS-dependent autophagy and suggest that targeting CK1α-regulated autophagy offers a potential therapeutic opportunity to treat oncogenic RAS-driven cancers.
Casein kinase 1α-dependent feedback loop controls autophagy in RAS-driven cancers rescued by re-expression of siRNA-resistant CK1α (Supplemental Figure 1D ). Given that oncogenic H-RAS V12 activates endoplasmic reticulum (ER) stress-associated unfolded protein response (UPR) via upregulation of activating transcription factor 4 (ATF4) and glucose-regulated protein, 78kDa (GRP78/BiP) (33) and that ER stress is a potent inducer of autophagy via upregulation of LC3 (34) , we tested whether CK1α depletion or inhibition further upregulates key ER stress factors. Expression of ATF4, growth arrest and DNA damage-inducible protein 34 (GADD34), and GRP78/BiP was examined in the isogenic human colon cancer cells HCT-116 K-RAS WT/mutant and HCT-116 K-RAS WT/-, where the mutant K-RAS G13D allele has been knocked out by homologous recombination (35) . Neither mutant K-RAS nor CK1α depletion or inhibition induced these ER stress factors, while the positive control thapsigargin (TG) was highly active (Supplemental Figure 1 , E and F). Hence, CK1α modulation does not upregulate LC3B-II protein abundance by triggering ER stress responses.
We next determined whether CK1α inhibition upregulates the unbound pool of cytoplasmic LC3B-II or the autophagic vesicleand autophagosome-bound pool of LC3B-II. Endogenous LC3B-II-associated autophagosomes increased significantly when CK1α was depleted by siRNA or inhibited by D4476 ( Figure 1 , G and H, and Supplemental Figure 2 , A and B). Consistent with the inhibitory role of CK1α, siRNA-mediated depletion of DDX3, a recently characterized activator of CK1α (36) , also led to substantial upregulation of endogenous LC3B-II-associated autophagosomes in HCT-116 cells (Supplemental Figure 2C ). p62 (encoded by SQSTM1) is an integral part of the autophagosome-lysosome degradation pathway, where it targets polyubiquitinated protein aggregates and dysfunctional organelles to LC3-II-associated autophagosomes (37) . Increased p62 correlates well with inhibition of autophagy in mammals and Drosophila, indicating that steady-state levels of p62 reflect the autophagic status (37) . p62 is downregulated upon CK1α depletion in BJ fibroblasts with activated ER:H-RAS V12 (Supplemental Figure 2D ), consistent with the CK1α inhibition of RAS-induced autophagic events. To confirm this finding, we examined autophagic flux in HCT-116 K-RAS WT/mutant and HCT-116 K-RAS WT/cells by combining CK1α knockdown with exposure to the lysosomotropic agent CQ (37) . Depletion of CK1α significantly increased basal LC3B-II abundance, as well as autophagic flux in isogenic mutant K-RAS, but not WT K-RAS, HCT-116 cells (Figure 2A ). Importantly, inactivation of CK1α in multiple mutant, but not WT, K-RAS-expressing cancer cell lines also increased basal LC3B-II abundance and autophagic flux ( Figure 2B ).
Identification of a FOXO3 autophagy gene transactivation signature in CK1α depletion or inhibition. To investigate how CK1α inhibits RAS-induced autophagy, we examined the expression of an array of 84 key autophagy-related genes in oncogenic RASdriven HCT-116 colon carcinoma cells and T24 bladder carcinoma cells after CK1α knockdown ( Figure 3A , Supplemental  Figure 3A, and Supplemental Tables 1 and 2 ). 32% (in HCT-116 cells) and 64.3% (in T24 cells) of autophagy-related genes were transcriptionally upregulated upon CK1α depletion ( Figure 3A ). Next, we compared the upregulated autophagy-related genes in CK1α-depleted HCT-116 and T24 cells to determine common targets that CK1α may regulate. We identified 21 autophagy-re-genic δ, ɛ, and γ isoforms, CK1α is thought to be largely antiproliferative. CK1α is a component of the β-catenin destruction complex that normally downregulates WNT signaling (27) , as well as a negative regulator of the p53 tumor suppressor (28) .
Using genetically engineered variants of human BJ foreskin fibroblasts that mimic key stages of oncogenic H-RAS V12 -induced tumorigenesis (29) , we investigated whether CK1α regulates basal autophagy induced by oncogenic H-RAS V12 . Here we describe a pathway for regulation of RAS-induced basal autophagy, whereby the RAS/PI3K/AKT/mTOR signaling axis upregulates CK1α protein abundance. CK1α in turn phosphorylates and decreases nuclear FOXO3A protein abundance, thereby reducing FOXO3Amediated transactivation of autophagy-related genes. We found that inhibitors of CK1α and autophagy combine in vitro and in vivo to block cancer progression, illustrating that balanced RAS-driven autophagy is critical for proliferation. These findings offer insights into autophagy regulation and therapeutic combinations that are effective in RAS-driven cancers.
Results
CK1α suppresses RAS-induced basal autophagy. Oncogenic RAS increases basal autophagy to facilitate tumorigenesis (3) (4) (5) (6) (7) . We confirmed this finding by demonstrating that microtubule-associated protein 1 light chain 3B-II (LC3B-II) protein abundance was upregulated upon 4-hydroxytamoxifen-induced (4-OHTinduced) activation of ER:H-RAS V12 (estrogen receptor-fused H-RAS bearing the activating G12V mutation) ( Figure 1A ). Notably, we also observed an increase in CK1α protein abundance upon activation of ER:H-RAS V12 ( Figure 1A ). To test whether CK1α is involved in the regulation of RAS-induced basal autophagy, we depleted endogenous CK1α with two independent siRNAs. CK1α knockdown produced a marked increase in LC3B-II protein abundance that was dependent on the presence of activated ER:H-RAS V12 (Figure 1B versus Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI78018DS1). Although p53 has been reported to regulate LC3B expression (30) , CK1α depletion induced accumulation of LC3B-II even in the absence of p53 (Supplemental Figure 1B ). This effect was not cell type specific, as knockdown of CK1α increased LC3B-II protein abundance in oncogenic RAS-driven HCT-116 human colon carcinoma cells as well ( Figure 1C ). Thus, CK1α inhibits basal autophagy in an oncogenic RAS-specific manner.
CK1α is a member of a family of related serine/threonine kinases. Regulation of RAS-induced autophagy is specific to CK1α, as siRNA-mediated depletion of CK1δ or CK1ε ( Figure 1C ) or inhibition of their kinase activity by potent small molecules (Supplemental Figure 1C ) did not substantially alter LC3B-II protein abundance. Consistent with the knockdown data, pharmacological inhibition of CK1α by D4476 (31, 32) also increased LC3B-II protein levels in the oncogenic RAS-expressing BJ fibroblasts ( Figure 1D ), as well as in multiple RAS-driven cancer cell lines of diverse human tissue origins ( Figure 1E ). Thus, CK1α kinase activity is required for the regulation of oncogenic RAS-induced LC3B-II protein accumulation. Conversely, moderate ectopic overexpression of CK1α reduced LC3B-II protein abundance only in oncogenic RAS-expressing BJ fibroblasts ( Figure 1F) . Similarly, the siCK1α-induced increase in LC3B-II protein abundance was jci. tionarily conserved across different species ( Figure 4A and Supplemental Figure 4A ). FOXO1 has been previously shown to be a CK1 substrate in vitro (32) , but it is not known which CK1 isoforms regulate the FOXO transcription factors in the cell. Hence, we tested whether CK1α can phosphorylate FOXO3A in vivo. To facilitate analysis, we used human embryonic kidney 293 (HEK293) cells that have low amounts of endogenous FOXO3A. We verified that a commercially available phospho-FOXO3A S318/321 antibody reacted with the wildtype but not FOXO3A S318/321A mutant protein ( Figure 4B , lanes 4-6). CK1α depletion significantly reduced phosphorylation of ectopically expressed FOXO3A at S318/321, consistent with it being an in vivo FOXO3A kinase ( Figure 4B , lanes 1-3). CK1 preferentially phosphorylates primed substrates, and priming phosphorylation of the related FOXO1 S319 by AKT is critical for CK1δ-dependent FOXO1 phosphorylation (32, 42) . Given that this priming serine residue is conserved among members of the FOXO family ( Figure 4A ), we tested whether AKT phosphorylation at FOXO3A S315 is required for CK1α-dependent FOXO3A S318/321 phosphorylation. We expressed the FOXO3A S315A mutant in HEK293 cells and found that it phenocopies the loss of CK1α phosphorylation observed in the alanine mutants of FOX-O3A S318/321 (Supplemental Figure 4B ), supporting the notion that FOXO3A S315 phosphorylation by AKT primes subsequent CK1α phosphorylation of FOXO3A S318/321 . AKT-dependent phosphorylation at FOXO3A S315 , not FOXO3A T32 or FOXO3A S253 , results in the mobility shift of FOXO3A in protein gels (40) . Mutation of the downstream phosphorylation sites at FOXO3A S318/321 similarly disrupted the phosphorylation-associated mobility shift in protein gels caused by coexpression with constitutively active HA-tagged AKT (HA-AKT-CA) (Supplemental Figure 4B ).
CK1α depletion led to decreased FOXO3A S318/321 phosphorylation and an accumulation of endogenous total FOXO3A proteins in both HCT-116 and T24 (RAS-mutant) cancer cells ( Figure 4C ). The effect was specific to CK1α, since the abundance of FOXO3A proteins was unaffected by CK1δ or CK1ε depletion ( Figure 4C and Supplemental Figure  4C ). Consistent with this, the increase in LC3B protein abundance was also specific to CK1α depletion and was unaffected by depletion of CK1δ or CK1ε ( Figure 4C and Supplemental Figure  4C ). Similar results were obtained when we depleted the CK1α lated genes that are upregulated in both HCT-116 and T24 cells when CK1α was depleted ( Figure 3B ). Among these 21 autophagyrelated genes, we noted that the expression of MAP1LC3A (LC3A), MAP1LC3B (LC3B), ATG4B, ATG12, GABARAP, GABARAPL1, GABARAPL2, ULK2, and BNIP3 have been previously shown to be directly regulated by the FOXO3 transcription factor (38) (39) (40) . Transcriptionally competent FOXO3 promotes autophagy in various cell types by increasing the expression of these autophagy core machinery genes (41) . To validate our quantitative real-time PCR (qPCR) array data, we designed separate sets of primers that anneal to transcripts of LC3B, BNIP3, ATG12, and GABARAP and performed qPCR analyses to probe for changes in their abundance. We confirmed that these transcripts were indeed upregulated when CK1α was depleted by two independent siRNAs in both HCT-116 and T24 cells ( Figure 3C ). Pharmacological inhibition of CK1α and knockdown of the CK1 activator DDX3 similarly upregulated the same FOXO3-responsive genes ( Figure 3D and Supplemental Figure 3B ).
FOXO3, a key effector of autophagy, is a bona fide CK1α substrate. The data suggest that CK1α regulates the expression of FOXO3dependent autophagy genes. We next asked whether CK1α directly regulates FOXO3A, the predominant form of FOXO3 expressed in cells. FOXO3A contains a putative CK1 phosphorylation motif, pS/pT-X-X-S/T (where pS/pT refers to a phospho-serine/phospho-threonine, and X refers to any amino acid). ClustalW multiple sequence alignment revealed that this CK1 phosphorylation motif is present in all FOXO isoforms except FOXO6, and it is evolu- WT RAS-expressing HCT-116 ( Figure 4D ) or HT-29 colon cancer cells ( Figure 4E ). Thus, CK1α regulates FOXO3A, the key regulator of early autophagy-related gene transactivation. We examined the consequences of CK1α phosphorylation of FOXO3A. The nuclear pool of FOXO3A protein was elevated following CK1α depletion ( Figure 4F ), coincident with upregulation of LC3B-II proteins ( Figure 4F ). Similar increases in nuclear FOXO3A were seen when CK1α was pharmacologically inhibited by D4476 ( Figure 4G and Supplemental Figure 4G ). Conversely, activation of CK1α with the allosteric activator pyrvinium pamoate (Pyr Pam) (43) downregulated nuclear FOXO3A and led to a decrease in cytoplasmic LC3B-II proteins ( Figure 4G and Supplemental Figure 4G ). Notably, changes in nuclear FOXO3A abundance were not accompanied by reciprocal changes in FOXO3A cytoplasmic abundance, suggesting that CK1α regulates the protein stability, rather than the nuclear export, of FOXO3A.
cofactor DDX3 in HCT-116 and T24 cells via two independent siRNAs (Supplemental Figure 4D ). CK1α depletion or inhibition also reduced phosphorylation of FOXO3A at S318 and S321, increased FOXO3A protein stability, and increased LC3B-II protein abundance in isogenic mutant K-RAS, but not wild-type K-RAS-expressing, HCT-116 cancer cells ( Figure 4D ). Furthermore, the expression of FOXO3A-responsive genes (LC3B, BNIP3, ATG12, and GABARAP) increased upon CK1α depletion or inhibition only in mutant RAS-driven HCT-116 cancer cells (Supplemental Figure 4E ). Importantly, pharmacological inhibition of CK1α by D4476 similarly reduced FOXO3A S318/321 phosphorylation and increased FOXO3A accumulation in both HCT-116 and T24 cells in a dose-dependent manner ( Figure 4E and Supplemental Figure 4F ). CK1α regulation of FOXO3A appears to be dependent on mutant RAS, since D4476 blockade of CK1α activity did not alter FOXO3A phosphorylation or abundance in Next, we investigated whether CK1α requires FOXO3A to stimulate autophagy-related gene expression. Consistent with our earlier data, the expression of LC3B, BNIP3, ATG12, and GABARAP transcripts was significantly upregulated when CK1α was depleted in HCT-116 and T24 cancer cells. Knockdown of FOXO3A was sufficient to suppress the expression of LC3B, BNIP3, ATG12, and GABARAP ( Figure 4H Figure 4I ). These data are consistent with CK1α-dependent suppression of RAS-induced autophagy being largely mediated through FOXO3A.
CK1α overexpression or activation downregulates FOXO3A protein abundance and function. We further explored the role of CK1α as a suppressor of RAS-induced autophagy. Ectopic expression of CK1α in both HCT-116 and T24 cells led to a significant reduction in the expression of LC3B, BNIP3, ATG12, and GABARAP transcripts ( Figure 5A ). This correlated well with the loss of LC3B-II protein ( Figure 5B Figure 5D ). Collectively, our data suggest that CK1α kinase activity suppresses RAS-induced basal autophagy by promoting phosphorylation and protein turnover of FOXO3A to downregulate expression of FOX-O3A-responsive autophagy-related genes.
The PI3K/mTOR signaling axis regulates CK1α protein abundance in an oncogenic RAS-specific manner. CK1α is thought to be constitutively active due to the absence of an autophosphorylatable carboxyl terminus (21, 27, 44) , and little is known about how its expression is regulated. We observed that CK1α protein abundance was elevated upon activation of ER:H-RAS V12 in BJ-derived fibroblasts ( Figure 1A ). When RAS V12 was activated in BJ hTERT fibroblasts by addition of 4-OHT, CK1α protein abundance increased in as little at 30 minutes and continued to increase in a time-dependent manner ( Figure 6A ), while CK1a transcripts remained constant ( Figure 6B and Supplemental Figure 6A ). To test whether this was a general phenomenon, we assessed the abundance of CK1α proteins in the isogenic human colon cancer cells HCT-116 K-RAS WT/mutant and HCT-116 K-RAS WT/-. Consistent with the data in fibroblasts, CK1α protein, but not CK1a mRNA, was significantly reduced upon removal of the oncogenic K-RAS ( Figure  6C and Supplemental Figure 6 , B and C). Furthermore, this effect was specific to CK1α, as no change was seen in CK1δ or CK1ε. Thus, oncogenic RAS appears to specifically regulate CK1α abundance in a post-transcriptional manner.
Oncogenic RAS could increase CK1α protein abundance through several pathways. We inactivated each of the three major RAS signaling effector pathways (RAL/GDS, PI3K/AKT/mTOR, and RAF/MEK/ERK) in BJ hTERT/st/ER:H-RASV12 fibroblasts with the small molecule inhibitors SB203580 (45), LY294002 (46) , and U0126 (47) . Inhibition of PI3K by LY294002 significantly reduced CK1α protein abundance ( Figure 6D ). In addition, CK1α protein abundance was downregulated in LY294002-treated BJ hTERT/st/ ER:H-RASV12 and HCT-116 cells in a time-dependent manner, with an approximately 50% reduction after 2 hours of drug exposure (Figure 6E ). Confirming this is an on-target effect of LY294002, a similar decline in CK1α protein, but not CK1a mRNA, abundance was seen upon treatment with an unrelated PI3K inhibitor, BKM120 (Supplemental Figure 6 , C and D). CK1α protein abundance was similarly downregulated by two independent mTOR inhibitors, rapamycin and PP242 ( Figure 6F and Supplemental Figure 6E ). We conclude that the RAS/PI3K/AKT/mTOR pathway is responsible for the post-transcriptional upregulation of CK1α protein.
The combination of D4476-mediated autophagy induction and CQ-induced autophagy inhibition synergistically arrests growth of oncogenic RAS-driven cancers. The data indicate that oncogenic RAS enhances CK1α abundance and hence activity, and this then modulates autophagy. We tested whether disruption of this control mechanism inhibited cancer proliferation. A panel of human cancer cell lines with oncogenic RAS (HCT-116, T24, and NCI-H1299) and WT RAS (PC3 and HeLa) was treated with increasing doses of the CK1α inhibitor D4476 for a total duration of 5 days. The proliferation of the oncogenic RAS-driven cancer cells was moderately sensitive to D4476 in a dose-dependent manner (Supplemental Figure 7A ). To assess whether these cancer cells can be further sensitized to CK1 inhibition, we combined CK1α inhibition with CQ treatment to achieve hyperaccumulation of ineffective autophagosomes or autolysosomes in the targeted cancer cells by simultaneous induction of autophagosome biogenesis and blockade of their turnover. Notably, synergistic growth inhibition was achieved when the RAS-driven, but not RAS-WT, cancer cells were treated with the combination of 1 μM D4476 and 5 μM CQ via Western blot (WB) analysis ( Figure 10C ) and TUNEL-positive HCT-116 cancer cells ( Figure 10D ) only in the drug combinationtreated xenografts, suggesting the induction of cell death. Consistent with these findings, qPCR profiling of total RNA isolated from these xenografts indicated that the expression of the autophagy-related genes LC3B, BNIP3, ATG12, and GABARAP was markedly upregulated by D4476:CQ, indicative of enhanced autophagy ( Figure 10E ).
Discussion
Autophagy is an evolutionarily conserved waste removal and nutrient recycling mechanism that is activated by various cellular stresses (49) , including chronic exposure of oncogene activation during cancer progression. Oncogenic RAS-driven cancer cells elevate basal autophagy to cope with the pressure of rapid growth by maintaining proper mitochondrial homeostasis and recycling biosynthetic intermediates (4-7, 9, 50) . In the present study, we uncover a role for CK1α in the regulation of oncogenic RAS-induced basal autophagic flux. Furthermore, our work suggests that modulating the activity of CK1α as a means to target cytoprotective autophagy may stop the progression of many cancers driven by oncogenic RAS. Our findings provide a mechanistic understanding to reports that CK1α inhibition is anti-rather than pro-oncogenic. For example, CK1α knockdown has been reported to impair mutant RAS-driven transformation and growth in plasmocytomas (51) . Importantly, we observed that the autophagy induction by CK1α inactivation and autophagy inhibition by lysosomotropic agents (CQ or ammonium chloride) act synergistically to arrest growth of cancer cells of diverse human tissue origins in a mutant RAS-specific manner. Such growth perturbation is not seen in mutant K-RAS-null HCT-116 colon cancer cells (Figure 7B ) or in HT-29 colon cancer cells with WT RAS (Figure 7A ). Thus, our data suggest that CK1α may be a tractable enzyme to cotarget with lysosomal inhibition in mutant RAS-driven, autophagy-dependent cancers. The synergy observed with the dual treatment regimen could be the additive result of distinct biological impairments in mutant RAS-driven cancer cells. However, the data are fully consistent with a model whereby CK1α inhibition increases autophagosome formation and subsequent inhibition of the function of those autophagic vesicles by CQ leads to an accumulation of ineffective autophagic vesicles. These accumulating vesicles could promote cell death either by depriving the RASstimulated cell of reusable products of proteolysis ( Figure 11) or potentially by producing a vesicle-dependent cell death signal. In the first scenario, the combination therapy increases flux of cellular products into a dead end, depriving the cell of factors required for growth, resulting in cell death. In the second scenario, which is not mutually exclusive, a buildup of vesicles might itself serve as a cell death signal by a currently unknown mechanism. Consistent with this latter model, we found that knockdown of FOXO3A blocked increased autophagy and hence autophagic recycling, yet this restored cell proliferation ( Figure 8C ). In either case, this combination therapy may be striking directly at an Achilles heel of RAS-driven cancers.
A recent kinome RNAi screen scored CK1α as a significant basal autophagy-regulating kinase in MCF-7 human breast cancer cells (20) . In that study, the authors attributed the enhancement (D4476:CQ; Figure 7A ). Consistent with the synergistic growth inhibition being attributable to blockade of effective autophagy, similar results were obtained when treatment with the lysosomotropic agent ammonium chloride (NH 4 Cl) was combined with CK1α inhibition (Supplemental Figure 7B ). To determine whether D4476:CQ was indeed synergistic, we subjected mutant RASdriven HCT-116 and T24 cancer cells to drug combination studies in accordance with the method of Chou and Talalay (48) and calculated combination indices (CIs) at various growth inhibition rates (50%, 75%, and 90%). Synergy, as defined by a CI less than 1 between D4476 and CQ, was observed at all effect levels (Supplemental Figure 7C ).
A strategy that targets cancer cells dependent on oncogenic RAS could be of value in cancer therapy. To further test whether activated RAS is required to create autophagy dependency, we tested the drug combinations in the isogenic colon cancer cell lines HCT-116 K-RAS WT/mutant and HCT-116 K-RAS WT/-. The presence of mutant RAS in HCT-116 cells conferred sensitivity to D4476:CQ treatment, since the removal of mutant K-RAS (G13D) rendered HCT-116 cells resistant to D4476:CQ treatment ( Figure 7B ). We confirmed that short-term exposure (18 hours) to D4476:CQ further upregulated protein abundance of FOXO3A, LC3B-II, and p62 in T24 and HCT-116 cells ( Figure 8A ), indicative of blockade of effective autophagy in these cells. Importantly, the combination, but neither treatment individually, led to an increase in poly(AD-P-ribose) polymerase (PARP) cleavage ( Figure 8A ), indicating the activation of cell death pathways. HCT-116 cancer cells expressing isogenic mutant, but not WT, K-RAS also exhibited a significant increase in cell death in quantitative flow cytometry analyses (Figure 8B) . Together, these findings suggest that D4476:CQ elevated the level of ineffective autophagy to favor cell death specifically in oncogenic RAS-driven cancer cells. Furthermore, knockdown of FOXO3A was sufficient to rescue mutant K-RAS-driven HCT-116 cancer cells from D4476:CQ-induced growth arrest ( Figure 8C) , indicating that the synergistic interaction of CK1α and lysosomal inhibition requires FOXO3A.
To test whether this drug combination was an effective therapy for mutant RAS-dependent cancers in vivo, we treated mice carrying HCT-116 xenografts with vehicle alone, D4476 (15 mg/ kg; hereafter referred to as mpk), CQ (15 mpk), or D4476:CQ (15 mpk:15 mpk) combination daily for 15 days. D4476:CQ synergistically inhibited growth of the tumors (Figure 9, A and B) . We similarly tested the drug combination in a T24 xenograft model. Again, the combination of D4476 and CQ was substantially more effective than either agent alone (Supplemental Figure 8A) . No weight loss was seen in any treatment conditions, suggesting that the drugs were well tolerated in mice for more than 2 weeks (Supplemental Figure 8, B and C) . The HCT-116 tumor xenografts were molecularly assessed at the end of therapy. As predicted, LC3B immunohistochemical staining was significantly upregulated by the drug combination, indicating a defect in autophagy in these tumors ( Figure 10A ). This is consistent with transmission electron microscopic analysis that revealed an increase in autophagosomes and autolysosomes only in D4476:CQ-treated tumor xenografts ( Figure 10B) . Similarly, an increase in FOXO3A and LC3B-II protein abundance was seen in the D4476:CQ-treated tumors (Figure 10C) . Importantly, we observed an increase in PARP cleavage jci.org Volume 125 Number 4 April 2015
factor of autophagy gene transactivation FOXO3A. The AKTdependent priming phosphorylation at FOXO3A S315 is required for subsequent CK1α-dependent phosphorylation of FOXO3A S318 and FOXO3A S321 . These AKT-CK1α-mediated phosphorylations of autophagic flux following CK1α depletion to increased proteolytic activity of lysosomal hydrolases such as cysteine cathepsins through an unidentified mechanism. Our data indicate that CK1α functions via the master longevity mediator and key transcription Last, we report the elucidation of a regulatory mechanism that governs the expression of CK1α. Until recently, CK1α was considered to be a "rogue" kinase (36) , as its catalytic activity appears to be unregulated. However, fresh perspectives on the regulation of CK1α were gained in two recent studies, one showing CK1α protein expression to be downregulated by miR-155 in liposarcoma (53) and the other identifying a subset of the DDX family of RNA helicase as essential kinase-stimulatory cofactors of multiple CK1 isoforms, including CK1α (36) . We demonstrate that oncogenic RAS, via its PI3K/ AKT/mTOR effector pathway, can also increase CK1α protein abundance and function. Such oncogene-induced regulation of CK1α abundance appears to be highly specific, as oncogenic RAS does not alter the abundance of CK1δ and CK1ε. Although CK1δ has been shown to phosphorylate FOXO proteins in vitro (32) , our data suggest that CK1α, not CK1δ or CK1ε, phosphorylates FOXO3A to destabilize FOXO3A and suppress FOXO3Amediated autophagy-related gene transactivation in vivo. Thus, we postulate that CK1α serves as a context-specific brake of the PI3K/AKT/mTOR effector pathway of RAS signaling to curb the hyperactivation of autophagy, which may result in undesirable cytotoxicity. In addition, since the closely related FOXO1 has also been implicated in the induction of autophagy (54) (55) (56) (57) , CK1α may employ a multipronged approach to suppress autophagy via phosphoregulation of FOXO1 as well. We note that CK1α transcript abundance is reproducibly downregulated upon siRNA-mediated depletion of FOXO3A ( Figure 4H ). We speculate that the transcriptional control of CK1α expression by FOXO3A may have evolved as yet another late feedback mechanism for FOXO3A to regulate itself.
In summary, our study identifies a critical oncogenic RAS-induced negative feedback loop that requires CK1α. Inhibition of this kinase, combined with clinically approved autophagy inhibitors, produces cell death in vitro and in vivo. The ability to target an essential pathway in RAS-dependent tumors by this paired therapy provides a new approach to these common cancers.
Methods
Plasmid DNA, cell culture, and other reagents. The creation and use of HA-tagged CK1 expression constructs pcDNA3.1-CK1α-3HA, pCEP-4HA-CK1δ, and pCEP-4HA-CK1ε have been previously described (58, 59) . The N-terminal myc-tagged CK1α expression construct pCS2-6MT-CK1α was created by reverse transcription-PCR (RT-PCR) amplification of the open reading frame of CK1α from BJ human foreskin fibroblasts and subcloning into the C terminus of myc epitope tags of pCS2-6MT expression vectors. The creation and use of pECE-HA-FOXO3A and pECE-FOXO3A S315A have been previously described (60) . The amino N-terminal HA-tagged CK1α (pCLneo-HA-CK1α) was a gift from Nicolas Bidere govern the abundance of nuclear FOXO3A proteins and therefore the expression of FOXO3A-responsive genes that are critical for the initiation of autophagy. This is consistent with the observation that phosphoregulation of transcription factors and coregulators by the CK1 family is critical for the tight control of diverse biological process such as circadian rhythm, DNA damage response, and WNT signaling (21) . Since no activating mutation in H-, K-, or N-RAS is found in MCF-7 cells, the work of Szyniarowski et al. (20) may be interpreted as basal autophagy being regulated by CK1α even in the absence of hyperactivation of RAS signaling. However, a study indicated that RAS proteins remain highly expressed in MCF-7 cells (52) , and this may bypass the need to acquire activating mutations of RAS to facilitate CK1α-dependent control of autophagy induction. Hence, we speculate that CK1α is engaged by the hyperactivated RAS signaling to modulate its resultant autophagic response regardless of whether it is induced by oncogenic mutations or overexpression of RAS proteins. FOXO3A was specifically depleted in the isogenic HCT-116 cells by two independent siRNAs, as shown in the immunoblots (n = 3 per cell line). Cell number was estimated by crystal violet dye retention, and the bar chart shows fold change in cell growth (relative to siCtrl). One-way ANOVA with Dunnett's multiple comparison test was used to analyze statistical significance in C; ***P < 0.001. jci.org Volume 125
Number 4 April 2015 a 2-minute initial denaturation step at 94°C and a 3-minute terminal polishing step at 72°C. The sequences of primer used for qPCR and semi-quantitative RT-PCR analyses are described in Supplemental  Table 3 . Expression of CSNK1A1 (CK1a), CSNK1D (CK1δ), CSNK1E (CK1ε), LC3B, BNIP3, ATG12, GABARAP, ATF4, GADD34, and GRP78 was quantified using qPCR and normalized to ACTB UAACUUUGAUUCCCUCAUC. The DDX3-specific siRNAs were synthesized at Singapore Advanced Biologics, and their use has been previously described (36) . Cells were transfected with 50 nM DDX3-specific siRNAs using DharmaFECT Transfection Reagent, in accordance with the manufacturer's instructions, for 48-72 hours. The target sequences of human DDX3-specific siRNAs used in this study were siDDX3-1: GCAAAUACUUGGUGUUAGA and siDDX3-2: ACAUUGAGCUUACUCGUUA.
Denaturing SDS-PAGE and WB analyses. Cells were lysed by 4% SDS, and total protein concentration was measured using a bicinchoninic acid protein assay kit (Thermo Scientific). Proteins from whole cell extracts were resolved using denaturing SDS-PAGE and analyzed by WB. Antibodies used in WB analyses include anti-LC3B (2775, Cell Signaling Technology [CST]), anti-RAS (3965, CST), turer's instructions. All other human cancer cell lines used in this study were purchased from ATCC and cultured in accordance with ATCC's instructions. Stabilization and activation of ER:H-RAS V12 were achieved by exposing the BJ-derived fibroblasts to 4-OHT (130 nM) for 48-72 hours. For cDNA overexpression studies, jetPRIME transfection reagent (Polyplus Transfection) and X-tremeGENE 9 DNA transfection reagent (Roche) were used to transfect BJ-derived fibroblasts and human cancer cell lines, respectively. Chemical compounds used in this study include 4-OHT (H7904, Sigma-Aldrich), D4476 (D1944, Sigma-Aldrich), PF670462 (PF670; 3316, Tocris Bioscience), PF4800567 (PF480; 4281, Tocris Bioscience), TG (T9033, Sigma-Aldrich), Pyr Pam (P0027, Sigma-Aldrich), CQ (C6628, Sigma-Aldrich), DMSO (D2650, Sigma-Aldrich), SB203850 (S8307, Sigma-Aldrich), LY294002 (L9908, Sigma-Aldrich), U0126 (U120, Sigma-Aldrich), rapamycin (S-015, Sigma-Aldrich), BKM120 (S2247, Selleck Chemicals), and PP242 (S2218, Selleck Chemicals).
Autophagy transcriptome profiling, qPCR, and semi-quantitative RT-PCR analyses. Total RNA was isolated from cultured cells or frozen tumor xenograft tissues using the RNeasy Mini Kit (74106, QIAGEN). Total RNA (2 mg) was reverse transcribed by either the RT 2 HT First Strand Kit (330421, QIAGEN; only for autophagy transcriptome profiling) or the iScript Select cDNA Synthesis Kit (170-8896, Bio-Rad) in accordance with the manufacturer's instructions. Using 1/10 of the cDNA sample, autophagy transcriptome profiling was performed using RT 2 Profiler human autophagy real-time PCR arrays (PAHS-084Z, QIAGEN) and RT 2 SYBR Green qPCR master mixes (330512, QIAGEN). Analysis of autophagy transcriptome profiles was performed using RT 2 Profiler PCR Array Data Analysis v4.0 software (QIAGEN). Using the same amount of cDNA sample and independent primers targeting transcripts of the indicated genes, qPCR was performed by the SsoFast EvaGreen Supermix Kit (172-5200, Bio-Rad) in accordance with the manufacturer's instructions. Semi-quantitative RT-PCRs were performed using 1/10 of the cDNA samples in the presence of 10 mM dNTPs and specific primer pairs (at 10 μM) in a total reaction volume of 20 μl. PCR was performed as follows: 20 cycles of denaturation (94°C, 30 seconds), annealing (51°C, 30 seconds), and extension (72°C, 1 minute), with Crystal violet staining. Cells were washed twice in 1× PBS and fixed with methanol for 10 minutes. They were then stained with 0.5% crystal violet dye (in methanol/deionized water, 1:5) for 10 minutes. Excess crystal violet dye was removed by five washes of deionized water on a shaker (10 minutes per wash), and the culture plates were dried overnight. The crystal violet dye was released from cells by incubation with 1% SDS for 6 hours before optical density (OD) 595 nm measurement using a microplate absorbance reader (Bio-Rad).
Flow cytometry cell death analysis. Analysis of apoptosis by propidium iodide (PI) staining and flow cytometry has been previously described (65) . In three independent experiments performed in triplicate, 30,000 cells from each treatment group were analyzed via flow cytometry for PI uptake as a result of loss of membrane integrity in apoptotic cells.
alamarBlue cell viability assay and drug combination studies. HCT-116 and T24 human cancer cells (5,000 cells/well) were plated in 96-well tissue culture plates and then treated with escalating doses of each drug for 72 hours. Cell proliferation was assayed after drug treatment by the reduction of alamarBlue reagent (DAL1025, sion levels normalized to their loading controls and then calculated as fold expression change relative to treatment controls.
Immunocytochemistry and immunoprecipitation. For immunocytochemistry assays, cells were grown to 50% confluence on glass coverslips in a 12-well tissue culture plate overnight. They were subsequently treated with the indicated siRNAs or chemical compounds at the indicated concentrations for the stated durations. They were washed three times with 1× PBS, fixed in pre-chilled 4% paraformaldehyde for 20 minutes, permeabilized in 0.1% Triton X-100 for 10 minutes, and blocked with 3% BSA for 1 hour. Primary immunostaining with LC3B antibody (2775, CST) or CK1α antibody (UT3; in-house) was performed at room temperature for 1 hour, followed by immunostaining with Alexa Fluor 594-conjugated secondary antibody (Invitrogen). Cellular DNA was subsequently counterstained with DAPI-VECTASHIELD (H-1200, Vector Laboratories). Staining was visualized and photographed using an LSM710 laser scanning confocal microscope with a ×63 oil immersion lens (Zeiss).
Quantitation of LC3B foci-stained cells. Cell images obtained from confocal microscopy were converted to 16-bit monochromatic, grayscale, single-channel images prior to analysis using MetaMorph Microscopy Automation & Image Analysis software (Molecular Devices). The MetaMorph multi-wavelength Cell Scoring application was used on representative images to obtain optimized parameters for cell bodies, as well as nuclear and cytoplasmic stains. All images were then analyzed using the optimized parameters. Cell images were independently validated by performing cell count- microscope. TUNEL-negative and TUNEL-positive tumor cells in the xenograft sections were quantified using the cell counter plugin of ImageJ software. Transmission electron microscopy. Tissue specimens were processed for transmission electron microscopy (TEM) and analyzed by a histopathologist blinded to the treatment arms. Samples were first fixed in 2% paraformaldehyde and 4% glutaraldehyde overnight and postfixed in 1% osmium tetroxide (pH 7.4) for 2 hours at room temperature. Specimens were then dehydrated through an ascending series of ethanol baths, infiltrated with acetone and resin, and then embedded in Araldite 502 (18052, Ted Pella Inc.). Ultrathin sections were cut using an ultramicrotome and mounted on Formvar-coated copper grids (24915, Polysciences Inc.). Sections were then double stained with uranyl acetate and lead citrate. TEM images of the sections were taken using a JEOL JEM-1010 Transmission Electron Microscope.
Statistics. Statistical significance in experiments was assessed using GraphPad Prism, version 5 (GraphPad Software). Student's unpaired, 2-tailed t tests with a 95% confidence interval were used to analyze data involving direct comparison of an experimental group with a control group. One-way ANOVA tests with Dunnett's method for multiple comparisons with a 95% confidence interval were used to analyze data involving two or more test groups and a control group; two-way ANOVA tests for multiple comparisons with a 95% confidence interval were used to analyze data obtained from the assessment of drug synergy on tumor xenograft growth. Reported P values were adjusted to account for multiple comparisons. A P value less than 0.05 was considered statistically significant.
Study approval. The care and use of BALB/c athymic nude mice (nu/nu) was approved by the Duke-NUS IACUC, in accordance with protocol 2011/SHS/693. Invitrogen) (66) . Drug combination studies were performed using the method of Chou and Talalay (48) . Briefly, the concentrations of D4476 and CQ required to slow cell proliferation by 50% (IC 50 ) were determined in the single-arm experiments. Cells were then treated with increasing doses of D4476 or CQ or an equipotent constant-ratio combination of both drugs. The CIs at 50%, 75%, and 90% growth inhibition, as well as the drug dose-effect curves, were calculated using CalcuSyn software (Biosoft). CI values less than 1, equal to 1, and more than 1 indicate synergism, additive effect, and antagonism, respectively.
Murine xenograft assays. BALB/c athymic nude mice (nu/nu) purchased from InVivos were kept under specific pathogen-free (SPF) conditions. Ten million HCT-116 colon cancer cells or T24 bladder cancer cells were mixed with BD Matrigel matrix (1:1; BD Biosciences) and injected subcutaneously into the flanks of 6-weekold athymic nude mice (n = 6 mice in each treatment group bearing HCT-116 xenografts; n = 3 mice in each treatment group bearing T24 xenografts). Mice were examined daily for tumor engraftment after tumor cell injection. Weight of mice and tumor dimensions were measured daily from day 3 after tumor cell injection. Tumor ellipsoid volume was estimated using previously described formulas (67) . Mice bearing HCT-116 xenografts were injected i.p. with 150 μl vehicle control (Veh Ctrl: 30% PEG in 0.9% saline), 15 mpk D4476, 15 mpk CQ, or 15 mpk:15 mpk D4476:CQ daily for 15 days. Mice bearing T24 xenografts were injected i.p. with 150 μl vehicle control (30% PEG in 0.9% saline), 5 mpk D4476, 30 mpk D4476, 15 mpk CQ, or 5 mpk:15 mpk D4476:CQ daily for 9 days. Percent increase in xenograft growth is a measure of tumor ellipsoid volume at time points after the commencement of drug treatment (from day 6) relative to the time point of the last treatment of the naive group (day 3). Mice were sacrificed at the end of the treatment schedule, and all tumors were harvested for immunohistochemical, WB, and qPCR analyses.
Immunohistochemical assays. Antigens were retrieved from formaldehyde-fixed, paraffin-embedded (FFPE) tumor tissue sections by 30 minutes boiling in sodium citrate buffer (pH 6.0) using a microwave histoprocessor (Milestone). Endogenous peroxidase activity in tissue sections was depleted by treatment with 3% hydrogen peroxide (H 2 O 2 ; in 1× TBS) for 20 minutes at room temperature. Immunohistochemical staining was performed by incubating the antigen-retrieved FFPE tumor tissue sections using rabbit LC3B (D11) XP primary antibody (3868, CST; 1:200 in 3% BSA/TBS-Tween 20) overnight at 4°C with gentle shaking. This was followed by incubation with goat anti-rabbit HRP secondary antibody (170-6515, Bio-Rad; 1:200 in 3% BSA/TBS) for 1 hour at room temperature. The immunostained sections were then exposed to DAB substrate (dissolved in Dako substrate buffer, 34680), followed by Gill's hematoxylin counterstaining and standard dehydration treatment. Coverslips were mounted onto these sections using xylene-based mounting medium (44581, Sigma-Aldrich DPX Mountant for histology). Staining was visualized using a Leica DM 2000 microscope. The integrated density (IntDen) of LC3B expression in the tumor xenograft sections was quantified by densitometry (ImageJ).
TUNEL assay. Apoptotic DNA strand breaks were detected by TUNEL staining of paraffin-embedded tumor xenograft sections in accordance with the protocol for the ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100, Millipore) and coverslipped using DPX Mountant. Staining was visualized using an Olympus IX71S1F3
